The inflammatory response following tissue injury after major surgery is known to affect endothelial function and vascular reactivity. In this study we evaluated the utility of bedside Digital Thermal Monitoring (DTM) as a surrogate for evaluating vascular function in the postoperative period. Methods: Ischemia-induced reactive hyperemia variables were measured in sixty patients scheduled for major thoracic surgery using DTM (VENDYS 5000BC; Endothelix, Inc., Houston, TX, USA) at baseline and at 24, 48, 72 hours, and day 5 postoperatively. Furthermore, baseline DTM variables (TR, aTR and AUCTR) and postoperative kinetics of these variables were compared among patients with and without preoperative chemo-radiation and cardiovascular risk factors. Results: There were no significant differences in the DTM parameters measured at baseline and on each of the studied postoperative days. Compared to the baseline, the lowest measures of all variables were observed 24 hrs postoperatively and the highest measures of all variables were observed at 72 hrs. Patients with abdominal obesity and smoking had lower DTM values than the rest of the study group. Conclusions: In our study, DTM as measured by the VENDYS 5000BC DTM system (Endothelix, Inc.) did not reveal significant changes in ischemia-induced reactive hyperemia (vascular reactivity) between the baseline and after surgery in the postoperative period. Patients with certain cardiovascular risk factors (abdominal obesity, smoking) had a significant lower DTM signal. Whether this novel non-invasive technique is able to serve as a perioperative diagnostic tool for patients in a clinical setting warrants further study. J Atheroscler Thromb, 2013; 20:277-286.
Introduction
The link between systemic inflammation and acute endothelial dysfunction is increasingly recognized as one of the key factors in the pathogenesis of postoperative cardiovascular complications. Importantly, this acute inflammation and ensuing endothelial dysfunction might be amenable to pharmacologic intervention 1) if robust, reliable, reproducible and simple measures to evaluate endothelial function are readily available. Clinical studies have shown that endothelial dysfunction is manifested by impaired vascular reactivity, which can be measured by assessing flow mediated dilation (FMD) using non-invasive techniques such as brachial artery reactivity testing (BART) 2-4) . While FMD is a non-invasive measure-line fingertip temperature below 27 ℃ at the beginning of the DTM examination. Preoperative surgical and cardiovascular risk was assessed using the ASA Physical Status Classification System 7) , Lee Modified Cardiac Risk Index 8) , and in patients who met the criteria for metabolic syndrome 9) . Cardiovascular risk factors included obesity (BMI ＞30 kg/m 2 ), abdominal obesity (waist circumference: men ＞102 cm, women ＞88 cm), dyslipidemia (triglycerides ≥ 150 mg/dL, HDL cholesterol: men ＜40 mg/dL, women ＜50 mg/dL, diabetes mellitus (fasting glucose ＞110 mg/dL or diabetes medication on the physician chart) or coronary artery disease (positive coronary angiography, status post-myocardial ischemia/infarction).
DTM in this study was conducted using a VENDYS 5000BC DTM system (Endothelix, Inc., Houston, TX, USA). This FDA-approved device consists of a computer-based thermometry system (0.006 ℃ thermal resolution), with two special thermocouple fingertip probes designed to minimize the area of skinprobe contact and fingertip pressure. A standard sphygmomanometer cuff and a compressor unit to control cuff inflation and deflation are included to facilitate the occlusion-hyperemia protocol. The baseline test was conducted with the patient at rest for 30 minutes in the supine position, in a quiet, dimmed room with ambient temperature of 24 ℃ to 26 ℃, whereas the postoperative DTM measurements were conducted on the surgical ward. VENDYS DTM probes are affixed to the index finger of each hand and after a period of stabilization of basal skin temperature (defined as stabilization within a 0.05 ℃ threshold) the temperature is measured in the index fingers of both hands (of which the right arm only is subjected to occlusion-hyperemia) with an automated, operatorindependent protocol. The right upper arm cuff is rapidly inflated to ≥ 50 mmHg above systolic pressure for 2 minutes, and then rapidly deflated to invoke reactive hyperemia distally. Thermal tracings are measured continuously and digitized automatically using a computer-based thermometry system with 0.006 ℃ thermal resolution. Dual channel temperature data are simultaneously acquired at a 1 Hz sample rate.
The primary variables and DTM-derived measures, related to thermal debt and recovery, were recorded and calculated. In addition, postoperative complications in all patients were collected and correlated to the changes in measured and derived DTM variables (see legend of , this technique is dependent on technical expertise and expensive ultrasound equipment, thereby restricting it to a vascular research laboratory and therefore being of limited clinical utility in the perioperative setting.
DTM is a new non-invasive, FDA-approved method of assessing vascular reactivity that is currently under evaluation for the assessment of peripheral vascular function 6) . Similar to the FMD technique, DTM uses ischemia-induced reactive hyperemia as a stimulus to induce changes in vascular reactivity and increased blood flow. The proposed advantage of DTM is that expensive and labor-intensive ultrasound technology used to study changes in brachial artery diameter (FMD) is replaced by simple fingertip thermocouple probes that measure reactive hyperemia by fingertip thermal changes. The interest in DTM, therefore, is that this technique is simpler and more suitable for point of care testing. In addition, such point of care testing technology has the potential to facilitate research into the perioperative kinetics of vascular reactivity and endothelial function following surgery to the bed side, especially in the postoperative period where patients are often restricted to the postoperative recovery area (e.g. ICU or surgical floor).
In the current study we tested the hypothesis that surgical trauma is associated with impaired vascular reactivity in the immediate postoperative period (primary endpoint), as measured by a decrease in DTM temperature rebound variables: temperature rebound (TR), adjusted temperature rebound (aTR) and area under the curve of TR (AUCTR). The secondary endpoint was the association of preoperative risk factors for cardiovascular disease with a decrease in DTM variables.
Materials & Methods
Following Institutional Review Board approval and patients' informed consent, an observational pilot study was conducted to assess reactive hyperemiaderived DTM variables at the preoperative visit (baseline) and at 24, 48, 72 hours, and day 5 postoperatively in sixty consecutive patients undergoing major thoracic surgery, including any intrapleural procedure with an expected blood loss ＞500 mL (e.g. esphagectomy, pneumonectomy or lobectomy). The study was carried out at The University of Texas M. D. Anderson Cancer Center in Houston, Texas, USA.
Exclusion criteria included: patients under the age of 18; patients deemed unsatisfactory for surgery after the pre-anesthetic evaluation; and patient's base- 
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Slope (NP/time to reach TR) emia. In terms of treatment, 25 (43.9%) had taken statins, 17 (29.8%) had taken beta-blockers, 6 (10.5%) had taken ACE inhibitors, and 5 (8.8%) had taken AT2 inhibitors.
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Statistical Methods
Descriptive statistics were used to summarize the patients' demographic, clinical, and DTM-derived measures. The distribution of DTM-derived measures does not satisfy the normality assumption. Pairwise comparisons between each of the post-operative DTM measurements and baseline were implemented using a non-parametric bootstrap method with a statistical level of 0.05. Comparisons between the lowest DTM measurements at 24 h and the highest DTM measurements at 72 h were carried out using the same method. Univariate analysis via a non-parametric Wilcoxon method was used to evaluate the impact of comorbidities on the difference between the baseline DTM measurements and their lowest (highest) DTM measurements at 24 h (72 h), respectively. These comorbidities include: preoperative radiation (yes or no), preoperative chemotherapy (yes or no), hypertension (yes or no), diabetes mellitus (yes or no), obesity (yes or no), abdominal obesity (yes or no), smoking (never or smoker), coronary artery disease (yes or no), and Lee cardiac index (2 or 3).
P＜0.05 was considered to indicate statistical significance. Statistical analyses were carried out using SAS 9.1 (SAS Institute, Cary, NC, USA).
Results
Sixty patients scheduled for major thoracic surgery who met the eligibility criteria were enrolled in the study. Three of these patients were excluded from the study because the procedure was aborted for surgical reasons, and 45% of the measured DTM tests in the postoperative period at various time points were invalid and not used in the analysis due to low starting fingertip temperature (＜27 ℃).
Baseline Characteristics
The preoperative (baseline) patient and clinical characteristics of the study population are summarized in Table 1 . Among 57 patients, the median age was 63 years old, and 63% were men. There were 6 (10.5%) obese patients and 16 (28.1%) patients with abdominal obesity. Twenty (37%) patients had a Lee cardiac index of 3 and the rest had a Lee cardiac index of 2. In terms of comorbidities, 12 (21.1%) had coronary artery disease, 33 (57.9%) had hypertension, 10 (17.5%) had diabetes mellitus, and 28 (49.1%) had dyslipid- sity had a significantly lower difference between baseline and 24 h postoperative AUCTR than those without abdominal obesity (p = 0.03). Patients with a history of smoking (current or former) had a significantly lower TR difference between baseline and 72 h postoperatively than never-smokers (p = 0.02, Table 4b ).
Discussion
In this prospective, observational pilot study, we assessed the utility of DTM using a VENDYS 5000BC DTM system (Endothelix, Inc.) as a point of care testing device to study the kinetics of vascular reactivity (ischemia-hyperemia-dependent vasomotion) following major thoracic surgery at the bedside in post-surgical units. We were not able to find a significant difference between baseline DTM measurements before surgery and each of the postoperative measurements. Low average baseline (pre-op) aTR values in the present study population with multiple comorbidities may have contributed to our inability to detect a significant decline of TR values after surgery.
We observed a significant difference of TR at 72 h postoperatively (highest recorded values) when compared to TR at 24 hrs (lowest recorded values, compared to baseline; p = 0.04); but this effect was not present for aTR (p = 0.16), or AUCTR (p = 0.17). Patients with abdominal obesity had lower aTR and AUCTR values (baseline-24 h; p = 0.02 and p = 0.03) and patients with a history of smoking (current or for-
DTM -Perioperative Kinetics
Each of the three DTM parameters, TR, aTR, and AUCTR, at baseline and each of the four postoperative time points, 24 h, 48 h, 72 h, and day 5, are summarized using the mean±standard error in Table 2 . For each of the DTM parameters, when comparing baseline measurements and each of the postoperative measurements, there was no statistical significance based on the non-parametric bootstrap method (p = 1.0 for all comparisons). When comparing the lowest DTM measurements at 24 h versus the highest DTM measurements at 72 h, there was a significant difference between the 24 h and 72 h TR measurements (p = 0.04), but not for aTR (p= 0.16), or AUCTR (p = 0.17).
DTM and Comorbidities
When stratified by comorbidities, there were no differences in the baseline DTM measurements between patients with cardiovascular risk factors and those who did not have any risk factors, or between those who received preoperative chemo-radiation and those who did not (Table 3) .
There were no differences in TR measurements between baseline and 24 h postoperatively (lowest measured DTM variables, p ≥ 0.05; Table 4a ). For aTR, patients who had abdominal obesity had a significantly lower difference between baseline and 24 h postoperatively than those without abdominal obesity (p = 0.02). Similarly, patients who had abdominal obe- . This effect may be additive to the underlying endothelial dysfunction that is inherent in certain surgical patients as a result of their preoperative co-morbidity burden and thus may play a significant role in certain perioperative complications (e.g. perioperative myocardial infarction, poor wound healing, ALI, sepsis) 13, 15, 16) . Importantly, this acute inflammation and ensuing endothelial dysfunction might be amenable to pharmacologic intervention 1) if robust, reliable, reproducible and simple measures to evaluate endothelial function are readily available.
Studies have reported a direct and positive correlation between impaired flow-mediated dilation (FMD) of the brachial artery and the increased incimer) had a significantly lower TR difference between baseline and 72 h postoperatively than never-smokers (p = 0.02, Table 4b ). There were no significant consistent changes in vascular reactivity correlating with the incidence of the other perioperative cardiovascular comorbidities or neoadjuvant radiochemotherapy.
Impairment of vascular reactivity is a precursor for cardiovascular disease and precedes the morphological changes associated with atherosclerosis in the blood vessels 9, 13, 20, 21) and the clinical manifestations of its associated complications (e.g. myocardial infarction, stroke) 10, 11) . Furthermore, any transient inflammatory burden or systemic inflammatory state also adversely affects endothelium-dependent vascular function with a consequent increased risk for cardiovascular complications 1, 12) . In the perioperative context, inflammatory mediator release associated with ter observations were made in a static setting, with measurements at a single time point. We therefore studied the utility of DTM in the dynamic postoperative setting after patients had undergone major thoracic surgery.
Interestingly, we found a lower DTM signal in patients with cardiovascular risk factors such as abdominal obesity (aTR and AUCTR) and smoking (TR). These results are consistent with previous studies that found impaired vascular function and increased cardiovascular risk in patients with these comorbidities 22, 23) ; however, cardiovascular complications associated with chemotherapy were not associated with lower DTM values in our study. Chemotherapy is known to impair cardiovascular function and the mechanisms include the production of reacdence of immediate and long-term postoperative adverse events following vascular surgery 17, 18) . While FMD is a non-invasive measurement of vascular reactivity and endothelial-dependent vasomotion 6) , this technique is dependent on technical expertise and expensive ultrasound equipment, thereby restricting it to a vascular research laboratory and therefore being of limited clinical utility in the perioperative setting. DTM, a novel non-invasive technique, utilizing the principle of reactive hyperemia, has also been shown to correlate with Doppler flow velocity 19) , a parameter used in the BART technique. Recent studies investigating DTM showed that impaired vascular reactivity correlated with the extent of myocardial perfusion defect 20) and was found in patients with metabolic syndrome and diabetes mellitus 21) ; however, these lat- compared to their cohorts without obesity. This might have been related to the impaired endothelial function in these patients in the face of perioperative stress related to cytokine release, although at this point this is purely speculative as we did not measure the cytokine levels in correlation with the DTM measurements in the postoperative period.
A major limitation of the technique is that we had to exclude a number of DTM tests due to low fingertip starting temperature (＜27℃) at various time points. Contributory factors could be the fact that DTM is highly dependent on ambient room temperature. Other factors that may have impacted the low starting temperature in some patients may include vasoconstriction, which results from a cuff placed too tightly around the arm, leading to false TF and TR tive oxygen species and oxidative stress, apoptosis of cardiomyocytes, and structural and functional changes in cardiac myofibrils 24) . While we studied the kinetics of endothelial function throughout the perioperative period and showed a similar nadir to that shown by Tonetti et al. 24) , we did not quantify the intensity of systemic inflammation using a laboratory assay of the cytokines. The extent of perioperative inflammation, as measured by an increase of pro-inflammatory cytokines, and its correlation to impaired reactivity, as measured by DTM, needs to be investigated in future studies. Lastly, we observed in our study that patients with abdominal obesity showed a decrease of one of the DTM variables postoperatively, although there were no differences in the baseline measurements when 
